The new cobalt diphosphonate compound with a 1D zig-zag chain structure is the first example of its kind that has been recognized to exhibit single-molecule magnets behavior. The slow paramagnetic relaxation of the magnetization is explained on the basis of Ising anisotropy resulting from spin canting of antiferromagnetically coupled Co ions. The energy gap is in accord with the predictions of Glauber's theory for a one-dimensional Ising system. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1851886͔
Single chain magnets are of special interest due to their unusual physical properties and potential applications as onedimensional ͑1D͒ magnetic molecular nanowires for information storage. The new compound is of interest because it is the first example of its kind that has been recognized to exhibit SMM behavior. The hydrothermal reaction of 4-Me-C 6 H 4 -CH 2 N͑CH 2 PO 3 H 2 ͒ 2 ͑H 4 L͒ with cobalt͑II͒ acetate in a tetramethylammonium chloride aqueous solution leads to formation of the cobalt͑II͒ diphosphonate compound Co͑H 2 L͒͑H 2 O͒ with a 1D chain structure. The cobalt͑II͒ ions in Co͑H 2 L͒͑H 2 O͒ are in a pseudo-octahedral environment consisting of a tridentate chelating diphosphonate ligand, two phosphonate oxygen atoms from adjacent Co͑H 2 L͒ chelating units, and a water molecule. The cobalt͑II͒ octahedra are interconnected into a 1D zig-zag chain motif via corner-sharing phosphonate oxygen atom.
Magnetic studies revealed that the chain compound contains only anitferromagnetically coupled Co͑II͒ ions, but, due to spin canting, there is a resulting moment that is Ising in behavior. The magnetic exchange parameter J = −10.5 cm −1 was determined using the theoretical approach outlined in Ref. 1 which involves anisotropic exchange of Co͑II͒ ions arranged in a linear chain with two alternating sites for magnetic ions. 2 The temperature dependence of ac susceptibilities measurements show that below 2.4 K, both the real and imaginary components of the ac susceptibility are strongly frequency dependent. Selected frequencies are used to illustrate typical Ј͑T͒ and Љ͑T͒ data in Fig. 1 . Slow relaxation of the magnetization is directly responsible for this behavior in single-molecule magnets, 1 and has recently been observed in systems referred to as single-chain magnets. 3, 4 We have used the two well-known measuring procedures, namely the frequency-scan and the temperature-scan method, to analyze the properties of the new compound. 5 In the frequency-scan method, the temperature of the sample is held constant while the frequency is varied, and the results are given in terms of Ј and Љ vs , whereas in the temperature-scan method, the frequency of the small applied field is held constant while the temperature is varied, and the results are plotted in terms of Ј and Љ vs T. It was found experimentally 5 
where =2 is frequency, 0 is the isothermal susceptibility at the limit → 0, ϱ is the adiabatic susceptibility at the limit → ϱ, is the average relaxation time around which a distribution of relaxation times ͑symmetric on logarithmic scale͒ is assumed. The ␣ value ͑0 Ͻ ␣1͒ is representative of the width of the distribution ͑␣ = 1 for a distribution of infinite width, while ␣ = 0 for the Debye form of single relaxation time͒. This equation can be decomposed into Ј and Љ to obtain the relations in Eqs. ͑2͒ and ͑3͒,
Note that Љ͑͒ will have a maximum at = 1, and the relaxation time is determined by the maximum of the imaginary part of the susceptibility versus frequency. In Glauber's theory, 4 thermal variation of is described by the Arrhenius expression ͓Eq. ͑4͔͒:
where 0 is a pre-exponential factor and U is the energy barrier to reverse the magnetization direction. In performing these experiments, it is important to point out the temperature dependence of the ac-susceptibility signal is often used for estimation of the parameters of the relaxation process. The temperature dependence of the outphase susceptibility Љ͑T͒, however, is generally unknown because 0 and ϱ depend on temperature in an unknown way. Assuming a small temperature dependence of ͑ 0 − ϱ ͒ as compared with ͑T͒, the maximum of Љ͑T͒ may be close to Љ͑͒ and the relaxation time can be estimated from the maximum in temperature dependence of the out-of-phase susceptibility Љ͑T͒ at a fixed frequency . In the case of a larger temperature dependence of 0 and ϱ , however, the temperature dependence of the ac-susceptibility cannot be reliably used for the determination of relaxation times. Instead, the frequency dependence of the ac-susceptibility should be used which provides a number of advantages listed below:
͑1͒ Frequency dependence is more physically correct and reduces disagreement with other types of measurements ͑reduced magnetization, EPR, etc.͒. ͑2͒ Frequency-scans can be used to decide whether one or more relaxation process are operative and for the determination of the type of process ͑Cole-Cole, ColeDavidson, and others͒. ͑3͒ The frequency dependence fit increases the precision of the calculation because the whole curve is used for fitting instead of peak maximum only. Furthermore, the evidence of the maximum on the curve of frequency dependence is not necessary. ͑4͒ Both in-phase and out-of-phase susceptibilities can be used for the calculations.
In order to compare the two methods, magnetization relaxation times ͑͒ were obtained from both frequency and temperature dependence of the ac susceptibility data according to the Arrhenius equation ͑4͒. The fact that frequency dependence rather than temperature dependence should be used in this case is supported by the fact that the difference ͑ 0 − ϱ ͒ nonlinearly increases form 11.2 emu/ mol at 2.2 K to 23.3 emu/ mol at 1.8 K. Such a large temperature dependence of ͑ 0 − ϱ ͒ renders the relationship = 1 inapplicable for determination of relaxation times from temperature dependence. The nearly semicircle shape of plots Љ vs Ј is evident in the Cole-Cole plots in Fig. 2 the temperature-scan, U = 18.6 cm −1 ; 0 = 3.4ϫ 10 −9 s −1 for in-phase signal of frequency-scan and U = 20.2 cm −1 ; 0 = 8.4ϫ 10 −10 s −1 for the out-of-phase signal, respectively. It is obvious that the 0 value obtained from frequency dependence is more realistic given the reported range for 0 values for single-molecule and single-chain magnets ͑10 −8 -10 −10 s͒. 1,2 Moreover, the energy gap U obtained from the frequency dependent fit is in accord with the predictions of Glauber's theory for a one-dimensional Ising system ⌬ Glauber =2J ʈ =21 cm −1 considering the following Hamiltonian, H =−2J⌺ i S zi S z͑i+1͒ for an Ising chain. 3 The new compound in the present study constitutes the first example of a "single chain magnet" based on antiferromagnetically coupled homospin centers.
